I tested the hypothesis that the abundance of visually constrained fish stocks relate inversely to light attenuation for the Black Sea, where long time series of fish stocks and Secchi depths are available. Variation in Secchi depth accounted for 76-85% of the variation in combined fish biomass, which is higher than any other correlations previously reported for large fish stocks and a single environmental variable. Fish biomass scaled linearly with Secchi depth, which is consistent with the visual constraints hypothesis. Two alternative hypotheses, one involving a trophic cascade that affects water clarity and another assuming the effect of water clarity on fish catches, were not consistent with the observations. Although causal factors other than visual constraints cannot be excluded, the results clearly suggest that changes in water clarity must be considered in analyses of marine ecosystem change and regime shifts.
Long time series spanning more than 50 yr demonstrate that water clarity has decreased in some coastal regions (Mankovsky et al. 1996; Sanden and Hå kansson 1996; Aksnes and Ohman unpubl. data) . Although growth and survival of fish stocks commonly are associated with factors such as temperature (Ottersen and Sundby 1995) , prey abundance (Benson et al. 2002) , and fishing mortality (Myers and Worm 2003) , fish that use vision also have requirements for the optical quality of their habitat. Experimental studies (Vinyard and O'Brien 1976; Utne 1997; Sørnes and Aksnes 2004) and foraging theory (Aksnes and Utne 1997; Eggers 1977) have shown that visually foraging fish are constrained by low ambient light and by image transmission properties of the water (often referred to as turbidity in the ecological literature). This is not in conflict with observations suggesting that fish use other senses than vision in their foraging, but experimental studies demonstrate that visibility affects efficiency. It has also been demonstrated that turbidity has implications for life history traits, such as the onset of the food niche shift in perch (Radke and Gaupisch 2005) and mating systems and sexual selection in sand goby (Jä rvenpää and Lindström 2004) . Furthermore, results of De Robertis et al. (2003) suggest that turbid environments might be advantageous for planktivorous fish because they would be less vulnerable to predation by piscivores. Such fishes must, according to the antipredation window hypothesis (Clark and Levy 1988) , trade off the visibility of their prey against their own visibility for their predators, and vertical migration triggered by changes in ambient light intensity is predicted. Numerous studies have demonstrated the vital importance of light regime for habitat choice and vertical migration in both freshwater (Clark and Levy 1988; Scheuerell and Schindler 2003; Lester et al. 2004 ) and marine (Murphy 1959; Baliñ o and Aksnes 1993; Holzman and Genin 2005) environments.
Because water clarity affects several aspects of fishes, the relationship between fish and water clarity is not obvious unless one aspect dominates the other. Evidence from fjord ecosystems suggests that visual constraints cause an overall inverse relationship between mesopelagic fish abundance and light absorbance (Aksnes et al. 2004 ; Sørnes and Aksnes in press), but whether variations in water clarity affect marine fish stocks on larger spatial and temporal scales has not yet been investigated. The feasibility of such studies is challenged by the lack of time series that combines optical properties and fish data. For the Black Sea, however, unique times series of dominant fish species (Prodanov et al. 1997) and Secchi depths (Mankovsky et al. 1996; Vladimirov et al. 1997 ) are available. As pointed out by Daskalov (2002) , the Black Sea as a study object has important advantages to the open sea because of restricted physical and biological communication with other systems (the Mediterranean), relatively low taxonomic diversity, and a massive anoxic layer effectively reducing the influence of a deep-water community of higher organisms. I use Black Sea data on water clarity to test whether a signature from optical constraints, similar to those observed for fjords (Aksnes et al. 2004) , are apparent in the fish biomass.
Dramatic changes have been observed in the Black Sea ecosystem, and a number of previous studies have analyzed and summarized possible causes (Daskalov 2002; Kideys 2002; Bilio and Niermann 2004 and references therein) . Such analysis is beyond the scope of my study, but the direct effect of water clarity on fish that I address might potentially advance future ecosystem analyses of the Black Sea and elsewhere. Limnol. Oceanogr., 52(1), 2007, 198-203 
Materials and methods
Hypothesized relationship between fish biomass and Secchi depth-The Secchi depth (Z) is the depth at which a white-painted disc disappears from view of a surface observer when lowered into the water. It relates inversely (Tyler 1968; Preisendorfer 1986 ), Z ! (c + K) 21 , to the two key properties for underwater vision and visual feeding (Eggers 1977; Aksnes and Giske 1993) : the vertical attenuation coefficient (K) for downwelling irradiance and the beam attenuation coefficient (c). Although K (together with incident surface irradiance) determines the irradiance distribution as a function of depth, c determines the quality of the image propagation along the path of sight. For mesopelagic fish being constrained by ambient light, it has previously been hypothesized that fish abundance should scale with the inverse of the vertical attenuation coefficient for downwelling irradiance, K (Aksnes et al. 2004 ). This was derived by assuming visual constraints in the feeding of these fishes, but without explicitly accounting for visual predation on themselves. In the next section, I show that the expectation of an inverse relationship still applies when this is accounted for.
For fishes that are not top predators, increased visibility also means increased predation risk, as expressed in the antipredation window hypothesis (Clark and Levy 1988; Giske and Aksnes 1992; Scheuerell and Schindler 2003) . In accordance with this hypothesis, I assume that the vertical extension of the habitat (H, m), which ensures adequate growth and survival, is characterized by an ambient light intensity that lies between a lower, E l , and an upper, E u , irradiance level. The two depths being characterized by these irradiances are defined Z l and Z u , respectively, and are assumed to be vertical boundaries of the adequate habitat. Then, for any given nonzero surface irradiance, E 0 , the vertical extension of the adequate habitat is H 5 Z l -Z u 5 ln(E u /E l )/K, because E u 5 E 0 exp(-KZ u ) and E l 5 E 0 exp(-KZ l ). Thus, the extension of this habitat relates inversely to the vertical light attenuation coefficient for downwelling irradiance. If we assume that fish abundance (F) is proportional to the size of this habitat and define const 5 ln(E u /E l ), we obtain
which corresponds to the expectation derived by Aksnes et al. (2004) . This simple relationship results from the steepening of the irradiance gradient along the depth axis at an elevated vertical attenuation and the linear scaling of the vertical distance between two optical depths (i.e., the habitat boundaries) with the reciprocal of the vertical attenuation coefficient. Introduction of the relation between K and Secchi depth (Preisendorfer 1986 ) yields Eq. 2,
which means that a visually constrained fish stock is expected to scale linearly with Secchi depth. The beam attenuation coefficient c (which is strongly affected by turbidity), rather than the vertical attenuation coefficient K, can also impose visual constraints, especially in the turbid surface layer. This can complicate the derivation of the expected effect of visual constraints (Eq. 1) and is not resolved here. The Secchi depth, however, is inversely related to both c and K, because K is partly a function of c (Preisendorfer 1986 ). Whether a c or K constraint (or both) is applicable, the expectation that the abundance of a visually constrained fish stock should decrease with shoaling Secchi depth is still valid.
Data on water clarity and fish biomass-Annual stock estimates (Fig. 1A) of Black Sea anchovy (Engraulis encrasicolus ponticus Aleksandrov), sprat (Sprattus sprattus phalericus Risso), and horse mackerel (Trachurus mediterraneus ponticus Aleev) were digitized from figs. 2, 5, and 9 in Prodanov et al. (1997) . They also provided separate estimates for whiting stocks (Merlangius merlangius euxinus Nordmann) in the eastern and western parts of the Black Sea (see figs. 6 and 7 in Prodanov et al. 1997) , and I have combined these into one estimate (Fig. 1A) . The stock assessments were made by different modifications of virtual population analysis (VPA), as described by Prodanov et al. (1997) .
Annual catches of anchovy and sprat were used to see whether catches were related to water clarity as observed by Murphy (1959) . The combined catches of anchovy and sprat were obtained with a version of the database Fishstat Plus (provided by the Food and Agriculture Organization of the United Nations [FAO] Fisheries Department, http:// www.fao.org) that differentiated the Black Sea from the Mediterranean catches (Fig. 1B) . Vladimirov et al. (1997, see their table 2) reported annual averages (Z 1 , where the subscript indicates a 1-yr average) of Secchi depth in the central Black Sea that was limited by the latitudes 43u209 and 44u159 and the longitudes 31u and 38u (Fig. 1C) . Additional data for this region for the years 1996, 1997, and 1998 were 13.3, 9.9, and 11.0 m, respectively, and were provided by courtesy of V. I. Mankovsky (pers. comm.).
Test of the optical constraint hypothesis-The expectation, F ! Z (Eq. 2), was tested by linear regression analysis for fish stock estimates versus Secchi depth. The hypothesis assumes that the fish biomass is limited by the amount of habitat with adequate visibility. The timescale for such regulation is likely to depend on factors such as starvation resistance, predation, and spawning patterns. I assume that yearly averages of Secchi depth (Vladimirov et al. 1997 ) are adequate to reveal a signature of optical constraints in the annual stock estimates (Prodanov et al. 1997) . Annual stock assessments, however, are obtained within a year and not at the end, and because of this, I used a 2-yr average of Secchi depth (Z 2 ), which included the year of the fish stock estimate and the previous year. If the coefficients of the fitted regression line F 5 aZ 2 + b satisfy a . 0 and b # 0, the result is considered consistent with the optical constraint hypothesis.
In addition to the linear regression statistics, I computed a t-test for the Pearson correlation coefficient corrected for autocorrelation (Dutilleul 1993) , assuming a one-tailed test, with the program Mod_t_test (http://www.bio.umontreal. ca/casgrain/en/labo/mod_t_test.html, P. Legendre, Université de Montreal).
Test of alternative hypotheses-The FAO catch statistics for anchovy and sprat were used to explore an alternative hypothesis: the fishing efficiency, and thereby the catches, are influenced by the water clarity as observed by Murphy (1959) . Because VPA stock assessment uses catch statistics, potential water clarity dependence of the fish catches can in principle propagate to the stock estimates. Devoid of an a priori relationship, the correlation between the yearly averages of Secchi depth (Z 1 ) and the annual catches (C) was used to explore this hypothesis.
The second alternative hypothesis-fish biomass can affect the water clarity indirectly through the predation on the herbivores-was also tested. This hypothesis implies that a high fish biomass causes a decrease in herbivores, leading to reduced grazing and therefore elevated phytoplankton biomass (i.e., a shallowing in Secchi depth). Thus, for example, fishing intensity can cause a trophic cascade (Daskalov 2002 ) that affects water clarity. I assume no a priori relationship for such regulation, but support for this hypothesis requires a negative correlation between Secchi depth and fish biomass. Here, a 2-yr average of Secchi depth (Z 2+ ) that included the year of the fish stock estimate and the year after was applied (indicated by the 2+ index) because fish stock is here expected to affect Secchi depth and not vice versa.
All available data on fish biomass from Prodanov et al. (1997 and redrawn in Fig. 1A ) and on the Secchi depth from Vladimirov et al. (1997 and redrawn in Fig. 1C) were used in the statistical tests. It should be noted that the number of observations (i.e., number of years, n) from one test to another can be different because the time series of the four fish stocks did not cover exactly the same period and because some years lacked data for Secchi depth. Years with missing data for either Secchi depth or fish biomass were left out from the analyses (i.e., no interpolation was used for reconstruction of missing data).
Results
Trophic cascade hypothesis-The correlation between Secchi depth (Z 2+ ) and the combined biomass of sprat and anchovy was r 5 0.79 (n 5 22, p , 0.01). Because this hypothesis implies a negative correlation between water clarity and zooplanktivorous fish biomass, the observed positive correlation is not consistent with the trophic cascade hypothesis.
Water clarity effects on fish catches hypothesis-A weak positive, although nonsignificant, correlation was found, (r 5 0.32, n 5 26, p 5 0.11) between the catches of sprat and anchovy and Secchi depth (Z 1 ).
Visual constraints hypothesis-A linear regression analysis of the combined sprat and anchovy biomass (F, 10 6 kg) versus Secchi depth (Z 2 ) yielded F 5 112Z 2 -507 (r 5 0.90, n 5 21, p , 0.01; Fig. 2 ). The probability associated with the Pearson correlation coefficient after correction for autocorrelation was p a 5 0.008. The sign of the values of the regression coefficients are consistent with the visual constraints hypothesis and it is suggested that (1) for the observed annual Secchi depth span of 8.1-19.9 m, a 1-m change corresponded to 112 3 10 6 kg sprat and anchovy and (2) water clarity seemed critical for the presence of these fishes at an annual Secchi depth of 4-5 m (interpreted from extrapolation of the line in Fig. 2B) .
A regression analysis for the combined biomass of all four species gave: F 5 162Z 2 -551 (Table 1) , which suggests that 1 m of shallowing in Secchi depth amounts to a reduction in total fish biomass of 162 3 10 6 kg.
Separately for whiting, sprat, and anchovy, the variation in Secchi depth (Z 2 ) accounted for less biomass variation than for the combined biomass: 51, 52, and 59% respectively (Table 1) . For the smallest stock, horse mackerel, biomass and Secchi depth showed no significant relationship (Table 1 ). The highest correlation between fish biomass and water clarity was obtained for the combined stocks of sprat, anchovy, and whiting (F 5 121Z 2 -579; r 5 0.92, p , 0.01, n 5 18).
Discussion
This study has revealed strong correlations between fish biomasses reported by Prodanov et al. (1997) and the Secchi disc observations reported by Vladimirov et al. (1997) . Anchovy, sprat, and whiting, which constituted 85% of the biomass, correlated with water clarity, but the variations in the smallest stock, horse mackerel, could not be attributed to variations in Secchi depth. The correlation for the combined biomass was much higher than for the separate stock estimates, which could indicate competition for a common resource.
The Black Sea fish populations are obviously affected by a number of environmental and biological factors (Prodanov et al. 1997; Daskalov 2002) other than water clarity. In a fluctuating environment like the Black Sea, it is inherently difficult to isolate the effect from single factors by inspection of correlation coefficients. The approach used here, however, is different from a pure a posteriori correlation analysis because (1) the hypothesis that water clarity affects visually constrained fish stocks was derived independently from the Black Sea data (Aksnes et al. 2004) and (2) the expectation from this hypothesis is precisely defined as a linear scaling between fish biomass and Secchi depth (Eq. 1). This linear scaling corresponds to an inverse relation with the vertical attenuation coefficient. Such a relationship has previously been observed for mesopelagic fishes in fjord ecosystems (Aksnes et al. 2004; Sørnes and Aksnes in press ). Normalization of the fjord and Black Sea observations suggests that the inverse relationships between biomass and vertical attenuation are similar for these systems (Fig. 3) .
Little previous knowledge of how the four fish species relate to water clarity are available. One experimental study (Uotani et al. 2000) suggests that Japanese anchovy larvae are attracted by turbid seawater (termed turbiditaxis). This might reflect antipredator behavior that enhances survival, and a prediction from this would be that increased turbidity should result in increased abundance. The opposite pattern, however, is observed in the Black Sea. Here, fish abundance decreased with a shoaling Secchi depth (which corresponds to increased turbidity). This supports the hypothesis that K constraints, rather than c constraints, determine the overall effect from reduced water clarity on Prodanov et al. 1997 ). Secchi depth is yearly averages (Z 1 ) for the central Black Sea (from Vladimirov et al. 1997) . (B) Test of the expected relationship F ! Z for the combined biomass of anchovy and sprat. Secchi depth (Z 2 ) is averaged for two consecutive years (see Materials and methods). The data for 1994-1998 (open circles) are annual catch data that were scaled according to F 5 2.06C + 155, where C is the combined FAO reported catch for anchovy and sprat. These data were not included in the reported linear regression analysis.
fish abundance in the Black Sea. As derived in Materials and methods, this implies that a high vertical attenuation coefficient, K, for downwelling irradiance (i.e., a shallow Secchi depth) reduces the physical extension of the adequate vertical habitat, H, and thereby the abundance.
The effect of other factors than water clarity will most likely weaken any signal from water clarity unless water clarity correlates with an unknown causal factor or, alternatively, if the fish biomass assessment is influenced by water clarity in one or another way. Two such factors were considered in this study: a top-down trophic cascade (Daskalov 2002) , which could have influenced the water clarity, and water clarity, which could have influenced the fish catches (Murphy 1959) and thereby the VPA estimates used in my analyses. The trophic cascade seems unlikely because the positive relationship between the zooplanktivores (sprat and anchovy) and water clarity has a sign opposite that expected if consumption of zooplankton by these fishes induced a trophic cascade.
The results of Murphy (1959) suggested that albacore catches decreased with increased water clarity when using troll and decreased for gill net, suggesting that vision was important to see the bait and to avoid the net, respectively. Consequently, in the case of gear avoidance, a negative correlation between catch and Secchi depth is to be expected. Other factors, however, such as schooling characteristics, might also depend on water clarity and thereby affect catch efficiency. If sprat and anchovy catches are affected by water clarity, it is therefore uncertain whether this would imply a negative or positive correlation. The Black Sea data revealed a weak positive correlation, although nonsignificant, between catches of sprat and anchovy and Secchi depth. This positive correlation, however, was higher for subsets of data excluding observations before 1980 (not shown), but this could be because catches commonly do reflect stock size. Although a dependency of catch size on water clarity cannot be ruled out, I find it unlikely that the observed linear relationship between fish biomass and water clarity is caused by biased VPA stock estimates. At this point, it should also be noted that the possible water clarity signature for the Black Sea fish stocks is similar to that observed for the mesopelagic fish stocks (Fig. 3) and that theses fjord stocks are not fished commercially. Table 1 . Linear regressions between fish biomass (F 9) and Secchi depth (Z 2 ) for Black Sea fishes. The percent contribution of each species to the total biomass over the period 1973-1993 is given in the column marked % , n is the number of observations, r is the Pearson correlation coefficient, and p is the probability indicated by the linear regression analysis. The probability associated with the Pearson correlation coefficient when corrected for autocorrelation is given by p a , and the corrected degrees of freedom is df a (see Materials and methods). Fig. 3 . Normalized fish abundance versus normalized vertical attenuation for downwelling irradiance. Black Sea fishes (anchovy, sprat, and whiting) are compared with mesopelagic fishes in Norwegian fjords. The normalized abundance in the Black Sea is F 9 5 F/F max where F max represents the fish biomass for the clearest water (Z max 5 18.9 m), and the normalized vertical attenuation is K9 5 Z max /Z 2 (this normalization follows from the inverse relationship between the Secchi depth and the vertical attenuation coefficient for downwelling irradiance). The fjord data represent acoustic abundance estimates (total area backscatter, S A ) of mesopelagic fishes reported by Aksnes et al. (2004) and Sørnes et al. (in press.) . These observations yielded the fit S A 5 26.5/a -280.3 (r 5 0.91, p , 0.01, n 5 20), where a is the measured light absorbance of a particular fjord. The normalized abundance here is F 9 5 S A /S max , where S max represents the fish abundance for the clearest fjord water (a min 5 0.02 m 21 ). The normalized attenuation (i.e., absorbance) is K9 5 a/a min .
Several factors have previously been addressed in analyses of the changes in the Black Sea (Daskalov 2002 , Kideys 2002 Bilio and Niermann 2004 and references within these), but this study is the first to provide evidence that changes in water clarity (Mankovsky et al. 1996; Vladimirov et al. 1997 ) affected the Black Sea fish biomass in the period from the late 1960s to the late 1990s. This evidence is not a proof, nor does it refute the significance of other forces that shape large marine fish stocks such as fishing, climate change, pollution, and changes in competitive relationships. My results, however, clearly suggest that changes in optical properties need to be considered, not only from the perspective of their effect on primary productivity, but also because of their direct influence on the visual environment and eventually on fisheries.
